The activity of ornithine decarboxylase, the rate-controlling enzyme in polyamine biosynthesis, was determined in tissues of normal control rats and rats made diabetic with streptozotocin. In untreated diabetic rats fed ad libitum, ornithine decarboxylase activity was markedly diminished in liver, skeletal muscle, heart and thymus. Ornithine decarboxylase was not diminished in a comparable group of diabetic rats maintained on insulin. Starvation for 48 h decreased ornithine decarboxylase activity to very low values in tissues of both normal and diabetic rats. In the normal group, refeeding caused a biphasic increase in liver ornithine decarboxylase; there. was a 20-fold increase in activity at 3 h followed by a decrease in activity, and a second peak between 9 and 24 h.
Increases in ornithine decarboxylase in skeletal muscle, heart and thymus were not evident until after 24-48 h of refeeding, and only a single increase occurred. The increase in liver ornithine decarboxylase in diabetic rats was greater than in normal rats after 3 h of refeeding, but there was no second peak. In peripheral tissues, the increase in ornithine decarboxylase with refeeding was diminished. Skeletal-muscle ornithine decarboxylase is induced more rapidly when meal-fed rats are refed after a period without food. Refeeding these rats after a 48 h period without food caused a 5-fold increase in ornithine decarboxylase in skeletal muscle at 3 h in control rats but failed to increase activity in diabetic rats. When insulin was administered alone or together with food to the diabetic rats, muscle ornithine decarboxylase increased to activities even higher than in the refed controls. In conclusion, these findings indicate that the regulation of ornithine decarboxylase in many tissues is grossly impaired in diabetes and starvation. They also suggest that polyamine formation in vivo is an integral component of the growth-promoting effect of insulin or some factor dependent on insulin.
The polyamines putrescine, spermidine and spermine are thought to be intricately involved in the regulation of nucleic acid and protein synthesis and cell growth (Janne et al., 1978) . The initial step in their formation, the decarboxylation of ornithine to form putrescine, is catalysed by the enzyme ornithine decarboxylase. Ornithine decarboxylase is unique in that its half-life is 10-20min, the shortest of any known mammalian enzyme. Furthermore, its activity generally parallels changes in putrescine and fluctuates rapidly and specifically in response to a variety of hormonal and metabolic factors that alter cell growth. Thus ornithine decarboxylase is markedly increased in tissues in which growth is * To whom reprint requests should be addressed. Vol. 192 accelerated and its activity is usually low when the rate of growth is slow (Jiinne et al., 1978) .
It is well known that diabetes and starvation diminish RNA and protein synthesis in most tissues and that there is impaired growth in these states (Wool et al., 1968; Garlick et al., 1975; Nakano, 1978; Li et al., 1979) . Despite this, relatively little is known about the effect of starvation on polyamine metabolism in tissues other than the liver (Fausto, 1969; Hayashi et al., 1972; Domschke & S6ling, 1973; Eloranta & Raina, 1977) , and only two seemingly contradictory studies on the effects of diabetes have been reported (Levine et al., 1978; Sochor et al., 1978 administered after overnight starvation. After 36 h the average random blood glucose of these rats was 256mg% compared with 90mg% for control rats.
Half of the diabetic rats were then maintained on 4 units of protamine/zinc/insulin per day administered subcutaneously at 15:00h for 6 days. The other diabetic rats and normal controls received an equal volume of saline. All rats were fed ad libitum. Between 08:30h and l0:OOh, and approx. 8days after diabetes had been induced, rats were anaesthetized with pentobarbital (5mg/lOOg, intraperitoneally) and hindlimb tissue consisting mainly of gastrocnemius and posterial thigh muscle, the left lobe of the liver, the apex of the heart and the thymus were excised. The tissues were homogenized immediately in 3-4 ml of ice-cold 0.25 M-sucrose (pH 7.2) containing 1 mM-2-mercaptoethanol and 0.3 mM-disodium EDTA, with a Polytron homogenizer (Brinkman Instruments, Westbury, NY, U.S.A.). This homogenate could be frozen for at least 10days without loss of ornithine decarboxylase activity. Pooled abdominal blood was collected for glucose measurements.
Starvation/refeeding experiments
Rats fed ad libitum. Diabetes was induced by an intraperitoneal injection of streptozotocin (80 mg/kg body wt.) as described above. Random serum glucose in untreated diabetic rats fed ad libitum averaged 521 mg% at 5 days after the injection, compared with 156 mg% in normal rats. After diabetes had been established for approx. 6 days, control and diabetic rats were starved for 48 h. They were then allowed free access to food and killed at various times thereafter. Blood was collected and tissues were excised and homogenized as described in the preceding section. In addition, the right and middle lobes of the liver and hindlimb muscle were frozen and saved for the determination of polyamines and nucleic acids.
Meal-fed rats. These experiments were similar to those carried out in rats fed ad libitum except that the rats used were meal-fed. Normal rats were allowed access to food from 09:00 to 12:00h for 4-5 days. At that time, diabetes was induced in half of the group by an intravenous injection of streptozotocin (60 mg/kg body wt.). Random blood glucose concentrations in the diabetic rats were 200-250 mg% compared with 70-90 mg% in the control animals. Control and diabetic rats were meal-fed for an additional 4-5 days. They were then starved for 48 h, after which they were refed for 3 h and/or injected intraperitoneally with crystalline insulin (0.2unit/l00g body wt). Blood was collected and skeletal muscle was taken for analysis in rats killed at the end of the starvation period and after 3 h of refeeding.
Assay ofornithine decarboxylase
Tissue homogenates were centrifuged at 40000g for 1 h at 3°C and the supernatant was used for determination of enzyme activity. Ornithine decarboxylase was assayed by measuring the evolution of '4CO2 from [14Clcarboxy-labelled ornithine by using a modification of the method described by Russell & Synder (19(8) . Incubations were carried out in Pyrex test tubes (100 mm x 16 mm) capped with rubber stoppers fi )m which were suspended a polyethylene centre well (Kontes Glass Company, Vineland, NJ, U.S.A.). The centre wells contained 0.3ml of Protosol as a C02-trapping reagent. The incubation mixture contained 50 mM-Hepes 14-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid], pH 7.2, 1 mM-EDTA, 50,uM-pyridoxal 5'-phosphate, 2.5 mM-dithiothreitol and 50,UM-L-ornithine (0.5S,Ci of DL41'4C lornithine), in a final volume of 1 ml. Tubes were incubated in a shaking water bath 1980 at 37°C for 60min, after which 0.5ml of 40% trichloroacetic acid was injected to stop the reaction and to enhance conversion of bicarbonate into CO2. They were then allowed to shake for an additional 30 min. The 14CO2 that evolved was trapped in Protosol and counted in a Packard Tri-Carb liquidscintillation spectrometer using ScintiVerse as the scintillation 'cocktail'. Supernatant protein was determined by the method of Lowry et al. (1951) . Ornithine decarboxylase activity was found to be linear with enzyme concentration and assay time and is expressed as pmol of CO2 released/mg of protein per 60 min.
Analyses
Putrescine and nucleic acids. Frozen liver and skeletal muscle were homogenized in 5vol. of cold deionized water. Cold 0.6 M-HClO4 (0.5 ml) was added to 1 ml of the homogenate and the mixture was centrifuged at 2000g for 15min. The supernatant was saved and the resultant pellet was extracted three times with 2 ml of 0.2 M-HCl04. The combined supernatant fraction was saved for putrescine determinations. The pellet was extracted for DNA, which was determined as previously described (Rozovski et al., 1978) . Putrescine was measured by using a modification of the procedure described by Marton et al. (1974) . Determinations were performed on a Beckman 120C amino-acid analyser equipped with a Dionex column (32 mm x 5 cm; Dionex Corporation, Palo Alto, CA, U.S.A.). Dionex DC-4A resin was used. A water-bath temperature of 600C was maintained during the entire run. The polyamines were eluted from the column by using a citrate-based three-buffer system of increasing molarity. The column eluate was then treated with Fluoropo dissolved in 0.6M-boric acid with the pH adjusted to 10.6. Fluorescence was detected by using an Aminco fluorimeter (American Instruments, Silver Springs, MD, U.S.A.) and recorded on a dual-channel strip recorder. The minimum sensitivity of the methodology that gave reproducible results was 100pmol; the average time of a run was 65 min.
Glucose. Blood and serum glucose were determined in a glucose analyser (Yellow Springs Instruments, Yellow Springs, OH, U.S.A.).
Statistics
Analysis of variance and the Dunnett (1955) test were employed when comparing multiple groups with a single control. Differences between two groups were analysed by using the Student's t test for two independent samples. Results were considered statistically significant when P < 0.05.
Results

Effects of diabetes on ornithine decarboxylase activity
The effect of diabetes on ornithine decarboxylase activity in rats fed ad libitum is shown in Table 1 . Diabetic rats were studied 8 days after having received streptozotocin and had a mean blood glucose concentration of 310mg% at the time of death. They gained an average of 3 g/day, compared with 8 g/day for controls. In keeping with this decrease in weight gain, ornithine decarboxylase activity was diminished by 60% in liver and thymus and by 85% in heart and skeletal muscle of the diabetic rats. Treatment with insulin restored weight gain and ornithine decarboxylase activities to control values or greater. That the insulin-treated rats were sometimes hypoglycaemic is suggested by their low normal blood glucose concentration at the time of (Hopkins et al., 1972; Domschke & S6ling, 1973; Maudsley et al., 1976; McAnulty & Williams, 1977) , and diabetes may alter the rats' pattern of food ingestion (Booth, 1972) . Secondly, changes in ornithine decarboxylase activity may be transient (Janne et al., 1978) . To eliminate these potential variables as much as possible, we measured changes in tissue ornithine decarboxylase in control and diabetic rats after starvation for 48h and during the subsequent period of refeeding. The results are shown in Figs. 1 and 2. Values for ornithine decarboxylase in liver, heart and skeletal muscle before starvation were similar to those presented in Table 1 in both control and diabetic rats. In contrast, thymic ornithine decarboxylase activity was five times greater. This may have been due to the fact that the rats in the previous study had been injected with saline and handled daily. These stresses could have increased plasma glucocorticoids, which are known to decrease thymic ornithine decarboxylase activity (Beaven & DeJong, 1973) . Starvation of control rats for 48 h caused a 70-90% decrease in ornithine decarboxylase in all of the tissues studied. Starvation also decreased ornithine decarboxylase in muscle, heart and thymus of the diabetic rats and differences in tissue ornithine decarboxylase between control and diabetic rats were no longer apparent. Figs. 1 and 2 show the effect of refeeding on tissue ornithine decarboxylase. In normal rats, refeeding caused a biphasic increase in hepatic ornithine decarboxylase. There was a 20-fold increase in activity at 3 h, which was 7-fold above the value before starvation. This initial increase was followed by a decrease in activity, and then a second peak between 9 and 24 h (Fig. 1) . In the experiment represented in Fig. 1 , ornithine decarboxylase activity at 5 h was significantly lower than at 3 h. The difference between activities at 5 and 9 h was not statistically significant (P < 0.2), but in other experiments (results not shown) highly significant differences have been noted. In diabetic rats, the increase in liver ornithine decarboxylase was greater than in normal rats after 3 h of refeeding. However, there was no second peak between 9 and 24 h, although activity was still higher than at the end of the starvation period (Fig. 1) . These changes in ornithine decarboxylase were closely associated with changes in its product, putrescine (Table 2) .
In contrast, with liver, increases in ornithine decarboxylase were evident in muscle, heart and thymus only after 24-48 h of refeeding, and a single increase occurred (Fig. 2) . In the diabetic rats, these increases were less marked. The diminished ornithine decarboxylase response in the diabetic group was not due to inadequate energy intake, since diabetic rats ate the same amount of food as control rats, as judged by similar increases in body weight over the first 9 h of refeeding. Interestingly, refeeding was associated with a decrease in the weight of the thymus in diabetic rats. The thymus of the diabetic rats when fed ad libitum weighed 41 + 4mg (mean ±S.E.M.) and was approximately the same 3 h after the onset of refeeding. Thereafter, however, the weight of the thymus decreased progressively so that at 96h its mean weight was 5+0mg (n=4). In contrast, the thymus of the control rats showed no change during refeeding and weighed 47 + 3 mg (n = 6) at 96 h. These changes were not related to an increased severity of the diabetic state, since blood glucose concentrations at the time of death were (mean + S.E.M.) 259 + 9, 346 + 22, 331 + 16 and 332 + 22mg% in rats fed ad libitum and rats refed for 48, 72 and 96 h after starvation respectively. As reported by Levine & Hegarty (1977) and Nakano (1978) and confirmed in our studies (results not shown), refeeding either increased or caused relatively little change in the weight of liver, skeletal muscle and heart.
The response of ornithine decarboxylase in starved/refed rats was also studied after 72 and 96h of refeeding (Table 3) . These experiments were carried out on a different day and for this reason ornithine decarboxylase values in the ad libitum fed group and after 48 h of refeeding may be somewhat different from those presented in Figs. 1 and 2 . The data reveal that ornithine decarboxylase attains its 'ad libitum-fed' activity after different periods of refeeding in the four tissues studied. Thus, liver and muscle ornithine decarboxylase are increased after 48h of refeeding and they diminish to values found in rats fed ad libitum by 72h. Thymic ornithine decarboxylase is increased after 72h of refeeding, then decreases to values for rats fed ad libitum by 96h. In contrast, ornithine decarboxylase activity was not significantly different from basal values in heart by 48 h.
Effect on insulin on muscle ornithine decarboxylase
An obvious question is whether insulin can restore the food-induced increased in ornithine decarboxylase to normal-in diabetic rats. In previous studies, we found that food ingestion causes muscle ornithine decarboxylase to increase markedly within 3 h in rats trained to eat their food in a single meal . Thus, they are better suited to study the acute effects of insulin than are rats in which food-induced changes in ornithine decarboxylase are not seen for 24-48h. As shown in Table 4 , starvation caused skeletal-muscle ornithine decarboxylase to decrease in the meal-fed rats to the same low values seen in control and diabetic rats that had previously been fed ad libitum (Figs. 1 and  2) . As reported previously, activity increased 5-fold in normal rats within 3 h of the onset of refeeding. Such an increase did not occur in the diabetic rats. Table 2 . Effect ofstarvation and refeeding on liver putrescine in control and diabetic rats Putrescine was measured in the same control and diabetic rats for which ornithine decarboxylase values are presented in Fig. 1 When insulin (0.2unit/lOOg body wt.) was administered to starved diabetic rats instead of food, muscle ornithine decarboxylase increased rapidly. However, the rats were profoundly hypoglycaemic, and the release of adrenaline and other counterinsulin hormones undoubtedly occurred. When the same amount of insulin was administered together with food to maintain normoglycaemia, skeletalmuscle ornithine decarboxylase increased 13-fold at 3 h to values even greater than in refed controls.
Discussion
The results indicate that polyamine metabolism is profoundly altered in insulin-deficient states. Thus in the present study we found marked decreases in ornithine decarboxylase activity in liver, heart, skeletal muscle and thymus of both starved and diabetic rats in association with a decrease in growth rate.
In rats studied 4 weeks after the induction of diabetes, Sochor et al. (1978) found diminished ornithine decarboxylase activity in liver, brain, heart and kidney, which could be prevented by insulin therapy. In contrast, Levine et al. (1978) have reported a progressive increase in liver ornithine decarboxylase for up to 8days after streptozotocin treatment in severely diabetic rats. Insulin therapy, as well as hypophysectomy and adrenalectomy, all prevented the increase in ornithine decarboxylase.
Differences in the duration, severity and therapy of the diabetes, as well as the nutritional state of the animals, make comparison of these studies and our own difficult. In addition, in the previous studies and in the initial data presented here, ornithine decarboxylase was measured at a single point in time. This can lead to misleading information because diabetic rats may have a different eating pattern and because increases in ornithine decarboxylase activity may be transient. For these reasons, we investigated the effect of diabetes in an experimental model in which most of these variables could be controlled: the starved/refed rat.
The effect of starvation and refeeding on polyamine metabolism has been previously studied primarily in the liver and only for short time periods. Fausto (1969) was the first to observe a decrease in liver ornithine decarboxylase after an 18 h starvation period with an increase at 4 h after intubation of a casein hydrolysate. Domschke & S6ling (1973) measured changes in ornithine decarboxylase and 1980 putrescine during 5 h of refeeding after a 72 h starvation period. After refeeding, they found an increase in liver ornithine decarboxylase and putrescine with a peak in ornithine decarboxylase at 3 h. Besides these and other studies in liver (Hayashi et al., 1972; Eloranta & Raina, 1977) , Maudsley et al. (1976) observed an increase in ornithine decarboxylase in the small intestine of a 24h-starved rat during refeeding, with peak stimulation 3-5h after presentation of food.
In the present study, the effect of starvation and refeeding up to 96 h on ornithine decarboxylase activity was determined in liver, skeletal muscle, heart and thymus of normal and diabetic *rats. Starvation for 48 h caused a 70-90% decrease in ornithine decarboxylase in all these tissues and eliminated the differences between control and diabetic rats. Refeeding caused a biphasic increase in hepatic ornithine decarboxylase in control rats. This biphasic response of ornithine decarboxylase in liver is not unique to the refeeding stimulus and has been shown to occur during the prereplicative period in liver stimulated to synthesize DNA by partial hepatectomy, the administration of a mixture of thyroxine, amino acids, glucagon and heparin, and cyclical ingestion of a protein-free/protein diet (Gaza et al, 1973b) . The first peak has been studied extensively and is generally accepted to be somatotropin-dependent, possibly synergistic with glucocorticoids (Russell & Synder, 1969; Hayashi et al., 1972) . It is found to occur 3-4 h after the stimulus and it is independent of the age of the animal (Holtta & Janne, 1972) . The second peak has been less well characterized. Its timing is reported to be age-dependent (Holtti & Janne, 1972 ), but it is not dependent on growth hormone or glucocorticoids (Russell & Synder, 1969; Hayashi et al., 1972; Gaza et al., 1973b) .
In diabetic rats, refeeding causes an increase in liver ornithine decarboxylase at 3 h that was greater than that seen in normal rats. Ornithine decarboxylase then decreased and there was no second peak. In untreated diabetes, insulin concentrations are low, whereas somatotropin (Hansen & Johansen, 1970; Navalesi et al., 1975) and glucagon (Unger & Orci, 1976) concentrations are increased. Possibly, this altered hormonal profile exaggerates the initial ornithine decarboxylase response to the nutritional load. With regard to the second peak, its conspicuous absence in livers of diabetic rats suggests it is dependent on insulin. Oka & Perry (1976) have observed a biphasic response of ornithine decarboxylase in cultured mammary tissues with the second peak at 12h dependent on insulin and prolactin. It has been suggested that the second peak of ornithine decarboxylase is related to DNA synthesis both in liver after partial hepatectomy (Gaza et al., 1973a,b) and in cell cultures Vol. 192 stimulated to proliferate with serum (Heby et al., 1975; McCann et al., 1975) .
In contrast with liver, ornithine decarboxylase activity increased slowly after refeeding in muscle, heart and thymus, and only a single increase in ornithine decarboxylase was observed. In diabetic rats, the increase in ornithine decarboxylase in these tissues was blunted.
The weight of the thymus was diminished in control rats after 48 h of starvation. This is in keeping with previous reports that starvation causes involution of the thymus due to inhibition of cell division and emigration of lymphocytes (Atkins & Beaven, 1975) . Thymic weight was also diminished in diabetic rats fed ad libitum. Interestingly, refeeding after starvation resulted in little change in the weight of the thymus in the non-diabetic group, but in diabetic rats, it was associated with a progressive decrease in thymic weight. The reason for this is not clear. The fact that after 48 h of refeeding ornithine decarboxylase activity, which is located predominantly in the lymphocytes of the thymus (Beaven & DeJong, 1973; Atkins & Beaven, 1975) , had increased 4-fold per mg of protein in the diabetic group adds to the complexity of the explanation.
The findings in studies with meal-fed normal and diabetic rats indicate that insulin is required for the induction of ornithine decarboxylase in skeletal muscle after food ingestion. Insulin has previously been shown to increase ornithine decarboxylase in rat liver (Panko & Kenney, 1971 ) and small intestine (Maudsley et al., 1976 ) when administered to intact rats. Pharmacological doses of insulin were used in these studies, however, and it is difficult to assess whe'her the increases in ornithine decarboxylase were secondary to alterations in other hormones. In support of this is the finding that insulin caused only a minor increase in hepatic ornithine decarboxylase in hypophysectomized rats (Richman et al., 1971) . Stimulation in vitro of ornithine decarboxylase by supraphysiological concentration of insulin has been demonstrated in the perfused rat liver (Mallette & Exton, 1973) and in a variety of cells in tissue culture (Aisbitt & Barry, 1973; Hogan et al., 1974; Yamasaki & Ichihara, 1977) . On the other hand, insulin did not prevent a decrease in ornithine decarboxylase in rat hearts perfused with KrebsHenseleit solution (Antony et al., 1976) .
Whether insulin, or a factor dependent on insulin, modulates the increase in ornithine decarboxylase after food ingestion cannot be determined from the results presented here. However, studies in vitro from our laboratory suggest the latter possibility is more likely and that the responsible factor may be a somatomedin. Consistent with this view are studies that have demonstrated that circulating somatomedins are decreased in starvation and uncontrolled diabetes (Phillips & Young, 1976a,b; Takano et al., 1978; Baxter et al., 1979) and that in diabetic rats their concentrations can be restored to normal by insulin (Phillips & Young, 1976b) .
In conclusion, the data indicate that polyamine metabolism, as reflected by ornithine decarboxylase activity, is markedly altered in diabetes and starvation. The polyamines appear to play an important role in cellular growth; thus, impaired regulation of their formation may account for the diminished growth of many tissues in insulin-deficient states.
